I construct a dynamic equilibrium model of storable commodities populated by producers, dealers, and households. When financial innovation allows households to trade in futures markets, they choose a long position that leads to lower equilibrium excess returns on futures, a more frequently upward-sloping futures curve, and higher volatility in futures and spot markets. The effect on spot price levels is modest, and extremely high spot prices only occur in conjunction with low inventories and poor productivity.
Introduction
During the last decade, trade in commodity futures contracts has risen along with the popularity of commodity index investment. 1 New products, such as commodity exchange traded funds (ETFs), have made it practical for household consumers to trade commodity futures. Although empirical studies have documented a range of changes in spot and futures markets accompanying the financialization of commodities, there is limited theoretical understanding of the dynamic linkages between spot and futures markets. Participation in futures markets alters the incentives of producers, storers, and consumers of the commodity, indirectly affecting the spot market. Commodity funds marketed to households typically represent a rolling long position in futures or similar derivatives. Risk-averse intermediaries or dealers implementing these funds can offset sales of futures via purchase and storage of the underlying commodity, which can effect spot prices. Or dealers can offset sales of futures to households by purchasing more futures from producers, presumably by offering better terms, i.e., a higher futures price. Because flows to commodity funds have been large and volatile, politicians and regulators wonder if financialization has caused observed changes in futures and spot markets, including unwelcome increases in volatility and price levels.
To address these questions, I develop a dynamic equilibrium model of commodity prices incorporating an active futures market, heterogeneous risk-averse participants, and storage. I analyze the effects of financialization by reducing the cost to household consumers of trading in the futures market, which is initially dominated by commercial producers and dealers. The experiment calibrates the model to approximate moments of prices and quantities prior to financialization, then adjusts only the household's transaction cost, to reflect observed retail trade. This procedure provides estimates of the magnitude of financialization's effects, in addition to explaining the economic channels driving these effects. Financialization accounts for an order of magnitude decrease in excess returns (from 2% to 0.2% per quarter) on the most commonly traded futures contracts, and a roughly 50% reduction in the frequency of a downward sloping futures curve (backwardation). Financialization also accounts for some of the increase in spot and futures price volatility: roughly 50% of the empirical increase when controlling for differences in mean prices during the pre (1990-2003) versus post (2004-2012) financialization periods. Financialization cannot be blamed, however, for an increase in mean spot price levels. This result obtains even though the model allows dealers to accumulate inventory to offset (or augment) their positions in the futures market. I argue that the increase in speculative storage -which occurs in the model -actually has a beneficial smoothing effect in the long run, resulting in a small improvement to household welfare after financialization.
Two main effects connect increased futures trade to spot market dynamics: amplification via household income, and smoothing via dealer inventory. As in the data, households choose a long position in futures once transaction costs are lowered, earning a risk-premium and hedging their consumption risk. Therefore the most direct effect of financialization is an income effect to households: they are insured against spikes in the commodity spot price. This amplifies spot price volatility, as households have more to spend on the commodity precisely when it is scarce, and less to spend when it is abundant. If household demand for the commodity is quite inelastic, the insurance effect will be asymmetrical, and the mean spot price will increase. However a second, indirect effect of financialization works in the opposite direction, via inventory smoothing. The intermediary dealers who sell futures to households offset some of their futures sales through increased inventory accumulation. Because there is generally more inventory available to smooth supply disruptions, severe shortages -stockouts -are less likely after financialization than before.
The reduction in stockouts reduces volatility and the mean spot price, offsetting the household income effect.
Therefore a calibrated example is required to assess which of the two main effects dominates, and how they affect the risk premium, the slope of the futures curve, and household welfare.
Although the model is applicable to any storable commodity, I calibrate it to crude oil spot and futures markets, for several reasons. Retail investment in commodity derivatives is often done via index funds that span energy, metals, and agricultural commodities, but common reference indices such as the Goldman Sachs Commodity Index (GSCI) are tilted heavily towards oil. As of the year ended 2011, roughly 50% of the GSCI was crude oil, and energy commodities as a whole (including gasoline and heating oil derived from crude) comprised over 70 % of the index. 2 The large weight on oil is designed to reflect its significance to the global economy relative to other commodities. For example, oil prices are often used in forecasts of US GDP growth [Kilian and Vigfusson, 2012] . Hamilton [2008] notes that "nine out of ten of the U.S. recessions since World War II were preceded by a spike up in oil prices," an association that increases concern among regulators and the public about increased oil prices. Tang and Xiong [2011] document increasing correlation between oil futures and non-energy commodity futures concurrent with increased index investment. Therefore increased volatility in oil futures may explain some of the increased volatility in, for example, agricultural futures. The oil futures market is also one of the most liquid, with extensive trade in contracts up to 3 years from delivery and listings up to 9 years from delivery (against 4 years for agricultural commodities such as corn).
The calibrated model provides a good statistical approximation to oil prices in the pre-financialization period, matching futures volatility and risk premium, spot and futures price autocorrelation, and the term structure of futures prices. It also generates periods of backwardation and contango at reasonable frequencies, and approximates the hedging behavior of producers. The calibration implies reasonable macroeconomic properties for oil, which constitutes roughly 3% of total value of household consumption. The model is nevertheless tractable, and results are robust to small changes in the seven parameters used in calibration.
The model is an extension of the canonical commodity storage model developed in Williams and Wright [1991] , which is analyzed empirically in Laroque [1992, 1996] . Its appeal is simplicity coupled with an ability to produce autocorrelated spot prices and occasional, dramatic price "spikes" characteristic of the data. Routledge et al. [2000] extend the model to analyze forward prices, and conclude that the storage model performs surprisingly well when calibrated to crude oil futures, matching the shape of the mean futures curve and the unconditional term structure of futures volatility. 3 However these models abstract from production, consumption, and the risk premium, focusing on a risk-neutral dealer or "speculator" with access to a storage technology. Futures prices are such that the dealer is indifferent to trade. I add producers and consumers alongside the dealer. Heterogeneous preferences and technological endowments motivate trade in spot and futures markets, and generate a time-varying risk premium. Transaction costs, which Hirshleifer [1990] identified and modeled as a barrier to consumer participation in futures markets, are incorporated to proxy for financial innovation.
Other recent empirical papers also focus on oil while analyzing the financialization of commodities. Singleton [2011] finds that investor flows have predictive power for excess holding returns on oil futures at longer horizons. Buyuksahin et al. [2011] document changes in the amount and composition of futures trade, and demonstrate associated changes in the cointegration of futures over the term structure. Bessembinder et al. [2012] provide a detailed description of how oil ETFs operate, and investigate transaction costs associated with a rolling futures position. Although they find transaction costs of roughly 30 basis points per roll (around 4% per year), they reject the hypothesis of "predation" of retail traders. Pan [2011] estimates semi-parametric and non-parametric state price densities (SPD) for crude oil derivatives, and relates futures volume to skewness in the SPD. Hamilton and Wu [2011] estimate a time-varying risk premium on oil futures using a vector autoregression (VAR) that incorporates the position of index traders. Broadening the scope to agricultural commodities, Brunetti and Reiffen [2011] Several recent papers analyze structural models of oil markets without explicitly modeling financial innovation. In a frictionless DSGE model, Baker and Routledge [2012] show that changes in open interest and risk premia on oil futures arise endogenously as a result of heterogeneous risk-aversion. The same forces lead to persistent increases in spot price levels, as wealth drifts toward the more oil-loving agent in the economy. Ready [2012] demonstrates that changes in oil spot and futures price dynamics after 2003 can be jointly explained by a structural break in the oil consumption process. Alternatively, Caballero et al. [2008] suggest that oil prices increased due to the formation of a rational bubble, with oil replacing housing-related assets as a store of value. Two recent papers present static (two-period) versions of the storage model with active futures markets, and find empirical support for the models' predictions. Acharya et al. [2012] study the connection between managerial risk-aversion and hedging in oil markets, and find that empirical proxies for managerial risk-aversion forecast futures returns. Gorton et al. [2012] document a connection between inventories and futures risk-premia in markets for many storable commodities. Finally, Arseneau and Leduc [2012] study a general equilibrium storage model with production and consumption. They abstract from derivatives markets to focus on connections between spot prices and the macroeconomy, and examine the effects of biofuel and food subsidies.
I organize the paper as follows. Section 2 describes the model. Section 3 defines equilibrium and describes the solution technique. Section 4 summarizes the available data and describes the model calibration. Section 5 presents results, and Section 6 concludes.
5
I model a dynamic, stochastic, infinite-horizon economy with two goods: a composite numeraire good, and a commodity. The economy is populated by three competitive price-taking agents: a commodity producer, a commodity dealer, and a household. The agents are distinguished by their endowments, preferences, and access to financial markets. The dealer and producer are commercial, whereas households represent consumers. Dealers and producers are concerned with numeraire profits, whereas the household maximizes utility over consumption of the numeraire and the commodity.
Markets
Before proceding to detailed specifications of each agent, I describe the markets governing interaction among agents. All prices are real, and denominated in units of the numeraire. There is a frictionless spot market for the commodity. In each period t, any agent may buy or sell the commodity at spot price s t per unit, which is determined in equilibrium. The commodity is always in positive net supply, and cannot be "sold short" on the spot market. There is also an incomplete financial market for commodity futures contracts in which only the front contract (with one period until maturity) is actively traded. The futures contract promises delivery of one unit of the commodity at time t + 1 for price f t paid at t + 1. The futures price is chosen such that its date t value is zero: if φ t contracts are bought today, no money changes hands initially, but the buyer pays (or receives) φ t (s t+1 − f t ) at t + 1. Households pay a transaction cost at settlement: after buying ϕ t contracts, he pays (or receives) ϕ t (s t+1 − f t ) − τ f t ϕ 2 t . 4 The transaction cost is dissipative. Futures contracts are in zero net supply, and all agents are free to take long or short positions -or both, in the case of the dealer. The dealer acts as an intermediary between producers and households, but earns no spreads: up to the household transaction cost, all agents face the same equilibrium futures price f t . Although only the front contract is actively traded, I allow dealers to notionally trade longer term contracts "among themselves", with futures prices determined such that the representative dealer's position is zero in equilibrium.
The household settles transactions out of a numeraire endowment, whereas the dealer and producer have access to credit at fixed rate r. Therefore the household is subject to a budget constraint (reflecting aggregate wages and dividends, for example), whereas the commercial types face a cost of capital (reflecting access to liquid global credit markets). I abstract from active numeraire bond or equity markets. Financial markets are designed to enable hedging or speculation, but they do not allow intertemporal transfers. 5 The model also abstracts from collateral constraints. For an analysis of intertemporal risk sharing with equity, bonds, and fully-collateralized futures contracts, see Baker and Routledge [2012] .
Producers
The representative producer seeks to maximize expected risk-adjusted profits through production and trade of the commodity and related futures contracts. The level of productivity is determined by a random variable a t , a finite-state Markov chain, which proxies for various supply side disruptions or booms. 6 The firm owns an oil well that produces a t in period t. In addition the firm may adjust production intensity I t upward, but this is done subject to a one-period lag, and decreasing returns to scale, producing a t+1 I 1/2 t in period t + 1. 7 The objective is to represent elementary features of oil production in an extremely simple way. Production is inelastic in the very short term. If existing capacity is underutilized then output can be increased with some delay, reflecting the fact that the product must often be shipped to market. The model abstracts from long-term opportunities to explore for and develop additional oil deposits. Obviously the setup is highly stylized. More realistic models of oil production with irreversible investment include Kogan et al. [2009] and Casassus et al. [2009] , whereas Carlson et al. [2007] takes account of the fact that oil is an exhaustible resource. 5 Abstracting from the source of producer and speculator capital makes the model easier to solve, and avoids issues of survival related to the wealth dynamics of the agents.
6 Throughout the paper, subscripts with respect to t denote measurability with respect to period t information. 7 This is a gross simplification of a Cobb-Douglas production technology with stochastic TFP a t and constant return to scale.
Start with production function
(Assume N firms, each endowed with L = 1/N labor, and let N → ∞.) Let capital be the numeraire (equivalently that the numeraire can be converted into capital at the frictionless rate of 1). Assume K 0 is an exogenously specified constant. The firm decides how much capital to invest today for use in production tomorrow. Existing capital depreciates at rate ρ ∈ (0, 1], so we have K t = I t−1 + (1 − ρ)K t−1 . Setting ν = 1/2 and shutting down capital accumulation with ρ = 1 obtains the result.
The firm maximizes expected discounted profits given cost of capital r and a penalty for risk:
for I −1 and φ −1 given. Producers have mean-variance preferences over profits, where the aversion to variance is a reduced-form reflection of bankruptcy costs, unmodelled owner preferences, management riskaversion, etc. The variance of t + 1 profits can be decomposed into
Taking first order conditions of the maximization problem and solving for the production intensity and futures porfolio gives solutions
Dealers
Dealers are intermediaries in the futures market. They neither produce nor consume the commodity, but they have access to a storage technology, through which they participate in the goods market. Like producers, dealers have mean-variance preferences over profits, although their risk-aversion parameter ρ may differ from that of producers (θ). Dealers are sometimes called "speculators" in traditional storage models, where they are assumed to be risk-neutral, and so accumulate inventory only in the hope that its value will appreciate (net of costs). My model nests this as a special case, with ρ = 0. However I focus on the case of risk-averse dealers (ρ > 0). With risk-aversion and an active futures market, some elements of dealer behavior may be viewed as "hedging", so I avoid the term "speculator" as potentially misleading. Dealers may borrow at interest rate r, and have access to a commodity storage facility that can preserve a nonnegative quantity of the commodity at a cost: there is a numeraire storage fee of k per unit. 8 In a given period t, the state variable Q t−1 , which represents inventory held over from the previous period, is a key determinant of present period spot and futures prices. The evolution of inventory is what makes the dynamic storage model interesting, as a buildup of inventory can lead to depressed and stable prices, whereas "stockouts" (Q t = 0)
are associated with higher and more volatile prices.
The dealer's lifetime risk-adjusted profit maximization problem is
for Q −1 and ψ −1 given. Although the change in inventory ∆Q t = Q t − Q t−1 is important for equilibrium prices, given the price-taking behavior of dealers we can still address each period's optimization problem individually.
When the nonnegative inventory constraint is nonbinding (Q t > 0), first order conditions imply
In isolation the solution to the dealer's problem is indeterminate; the dealer's futures position is determined by market clearing in equilibrium. When the inventory constraint binds, then the solution to the dealer's problem is
The zero-inventory case highlights the speculative aspect of the dealer's behavior: when Q t = 0, his futures position reflects only the direction and magnitude of the risk premium, scaled by his risk-aversion.
However when Q t > 0 as in Equation (5), a hedging effect is present. If the dealer takes a short futures position, it hedges some of his inventory risk, so he is inclined to buy more inventory. If on the other hand he is long futures, he reduces inventory, because he is already long the next period spot price. Similarly the FOC for futures reflects any exposure to next period's spot price due to inventory. Therefore the dealer's decisions reflect a combination of hedging and speculative motives. If the risk premium to the long futures position is sufficiently high, the dealer may choose to be long the physical commodity and the futures contract simultaneously.
Households
Households consume the commodity, purchased on the spot market. They finance their purchases out of an endowment of one unit of the numeraire each period. The amount of numeraire left over after purchasing the commodity is consumed also. Specifically, households enjoy utility over composite consumption described by CES aggregator
with subscript x denoting the numeraire and y the commodity. A limiting case is η → 0, which corresponds to Cobb-Douglas aggregator
Utility is time additively separable, given in each period by
Although many commodities are used as intermediate goods in the production of household items, the simplifying assumption that households consume the commodity directly seems reasonable, particularly in the case of oil. Most of the cost to producing refined products such as gasoline and heating oil is accountable to the crude input, so the spot prices of refined products track crude oil prices.
Accordingly, in each period households optimally choose to consume an amount c y,t of the commodity, which they purchase at the spot price s t . To hedge future exposure to variation in the spot price they also buy a number of nearest-to-maturity futures contracts ϕ t . Note that the price of these contracts at purchase is zero by construction, with any gains or losses to ownership settled upon delivery next period. However households incur a small transaction cost τ proportional to the face value of the contracts squared, payable at time of settlement. The adjusted endowment available to spend on current consumption iŝ
The fact that the only financial asset available to households is a one-period zero-price contract is important to the determination of equilibrium, since it implies that households may hedge their risks but cannot smooth consumption through saving. Household portfolio choice reduces to a series of one-period problems.
Taking price processes as given, households solve lifetime utility maximization problem
s.t. c x,t + s t c y,t ≤x t ,
Applying Walras Law, substituting for the budget constraint, and differentiating w.r.t. the choice variables yields the following optimality conditions:
The subjective discount factor β ∈ (0, 1) does not appear in the FOCs. Although the household policy for distributing spending over goods is closed-form, the futures position must be determined numerically.
Equilibrium
Taking policies as given, prices are determined by market clearing. Define production of the commodity as
In each period, commodity market clearing requires
Expanding and reorganizing terms above, the equation that the current spot price s t must satisfy to clear goods markets is
which must be solved numerically. Fortunately finding the futures price that clears financial markets is simple given state-contingent spot prices. Futures positions must net to zero,
Writing ψ t = −(φ t + ϕ t ) and substituting into dealer FOC Equation (5), the futures price is
Definition 1 (Equilibrium). Equilibrium is a sequence of state-contingent prices and policies {s t , f t , Q t , I t , φ t , ϕ t , ψ t , c x,t , c y,t } such that each agent's policy solves his maximization problem, and commodity spot and futures markets clear
The solution is characterized by equilibrium aggregate inventory function
spot price function
and household portfolio function
As specified above, equilibrium policies are defined over three continuous variables ( f t−1 , Q t−1 and ϕ t−1 ) and one discrete variable (a t ). However, if we restrict portfolios to lie on equilibrium values, then these functions can be reparameterized as Although the basic solution technique is entirely standard, the problem is more computationally intensive than for the canonical dynamic storage model, chiefly because it involves solving a nested system of nonlinear equations for state-contingent prices given policies. Details are available upon request.
Characterization
Since the model lacks a closed-form solution, I provide some intuition for how it functions using the baseline parameters given in Table 1 . The exact choice of parameters is justified in subsequent sections, but the model has some basic characteristics that are independent of parameter choices. There is one endogenous state variable, the level of inventory, and many of the model's interesting features depend upon how inventory is accumulated and sold off by the dealer. Figure 4 shows optimal inventory policy for the baseline parameters. The dealer's end of period inventory Q t depends on inventory carried over from the previous period (Q t−1 , given on the x-axis), and the productivity realization (a t , shown by the different curves). Inventory policy is also affected by lagged productivity, a t−1 ; however the effect is modest. I show results for a t−1 = 1. The 45 • line is shown in dashed red, with the region above that line indicating inventory accumulation and the one below indicating sell-offs. When inventory is low, the dealer will choose to accumulate inventory if productivity is high. Given a succession of high productivity realizations, he eventually reaches a point where no more inventory is purchased, even in the most productive states: an endogenous maximum inventory level. There are also low productivity states in which the producer always sells inventory, and a succession of these low states will eventually lead to a stock-out (Q t = 0). Therefore inventory is bounded, and given sufficient time, a stockout is guaranteed to occur (i.e., inventory is a regenerative process). It follows that the distribution of long-run prices does not depend upon current inventory. These basic characteristics are features of the classic storage model, and in simpler settings they are provable properties of equilibrium (see e.g. Routledge et al. [2000] ). With endogenous production and active futures markets, the properties of equilibrium are difficult to prove, because the function giving spot prices in terms of inventory changes and productivity is itself an equilibrium construct. Nevertheless, the basic storage model characteristics hold for a range of parameter values, and I have found no equilibrium in which they were violated.
From an asset pricing perspective, inventory dynamics are interesting because they generate persistent spot prices, even if productivity has little persistence or is i.i.d. Storage also leads to moderate variance in spot prices most of the time, as inventory is usually available to smooth consumption and hence prices. But when inventory is exhausted and production is poor, prices jump; consumers are willing to pay a high prices for a rare, but essential, commodity. These features are seen in Figure 5 , which shows equilibrium spot prices versus inventory (on the x-axis) and productivity realizations (different curves). The top curve is the low-productivity state in which inventory is sold off, whereas the bottom curve is a high-productivity state in which inventory is accumulated, up to a point. Fluctuation in productivity will cause prices to bounce vertically between the curves, but little horizontal movement (change in inventory) will occur in the short term. The result is periods of high prices and high volatility when inventory is low, and periods of low volatility and low prices when inventory is plentiful.
Therefore desirable features of the classic storage model are preserved, but several new features are added that improve the utility of the model for asset pricing. By relaxing the traditional assumption that the dealer is risk-neutral, I introduce a risk-premium into futures prices, a key determinant of which is the volatility of the underlying spot price. With active trade in futures markets, the risk premium affects production, storage, and consumption decisions, which naturally feed back into spot prices. This leads to a rich interaction between spot and futures markets, the basic mechanics of which are explained in the next section.
Prices and Risk Premia
The one-period futures contract is the only actively traded contract in the model, and the only one with an impact upon spot prices. Therefore it is the focus of analysis. However generalizing definitions of futures returns and risk-premia to multi-period contracts is easy, and allows for testing the model's implications regarding the slope of the futures curve and the term structure of risk premia. I write f t,n for an n-period to delivery futures contract, with f t = f t,1 the one-period contract, and f t,0 = s t the deliverable contract.
The risk premium on a futures contract is the expected excess one-period holding return on that contract.
This definition requires a notion of "returns" for a contract that is priced at zero by construction. I follow the usual approach of considering a fully-collateralized contract, with collateral in the form of a one-period bond. This has price f t,n at date t, and value (1 + r) f t,n + f t+1,n−1 − f t,n at t + 1. The one-period holding return on the collateralized contract is 9
(1 + r) f t,n + f t+1,n−1 − f t,n f t,n − 1 = f t+1,n−1 f t,n − 1 + r,
and so the excess holding return is f t+1,n−1 f t,n − 1.
Focus for now on the one-period contract. One can look at the risk premium (expected excess holding return) through at least two lenses: in terms of trade in futures markets, or in terms of fundamentals. In terms of futures positions, the risk premium is
This suggests that the risk-premium will be larger when the dealer's net position in the futures market is positive, or if the dealer is very risk averse. It also suggests a large risk premium given lots of inventory, or high dealer risk aversion. However high inventory will tend to decrease spot-price variance, which will decrease the risk-premium, and high risk aversion will reduce the dealer's willingness to take a long futures position. Which of these effects dominates will depend upon the parameterization of the model. We can conclude, however, that the risk-premium must be positive if the dealer's futures position is positive.
Derive another expression for the risk premium that focuses on "fundamentals" from the market clearing condition for futures:
Consider the situation prior to financialization (assume ϕ t = 0):
This result implies a negative risk premium is possible before household participation in the futures market, depending upon whether price or quantity effects dominate in the producer's profits. This will also determine whether the producer takes a long or short position in the futures market. Prior to financialization, a negative risk premium is only possible if the quantity effect dominates, in which case the producer must take a long position, per Equation (24), as −φ t = ψ t . After financialization (ϕ t 0) the connection between the sign of the risk premium and the producer's hedging motive is loosened.
To extend the results to multi-period contracts, define long-dated futures prices such that markets clear with dealers -the financial intermediaries of the model -as the only participants. Let ψ t,n be the dealer's position in n-period to delivery futures, and solve his maximization problem for arbitrary n on the assumption that the only other contract available for trade is the 1-period contract. The futures price for the n-period contract is such that it is not traded in equilibrium (i.e., such that the market with only dealer participants clears).
The dealer's augmented profit-maximization problem is
Imposing ψ t,n = 0, ∀n > 1 and determining prices to clear markets, the futures price at t for delivery at t + n is
For any n, the price of the futures contract can be computed by recursing until n = 1, and using the price of the one-period contract.
Data and Calibration
Because the model features several counterbalancing forces, a realistic calibration is required to estimate the Despite the existence of frictions (in the form of national energy subsidy programs, embargoes, etc.), there is obviously extensive international trade in oil. Global production is more closely tied to US consumption than is US production. As seen in Figure 2 , US production actually declines by roughly 25 % over the sample period, whereas US consumption increases around 25%. Therefore the interpretation of the model as having a "global producer" but a "US Consumer" seems reasonable. Figure 3 further emphasizes that variation in global production and US oil consumption are tightly linked. Although many factors may have an effect on oil markets, for increased tractability and ease of interpretation I choose to model only one exogenous shock: an oil productivity shock.
I define a simple Markov process for oil productivity shocks that leads to equilibrium oil production and consumption sequences similar to the data. Global production and US consumption are characterized by persistent deviations from trend. I estimate AR1 parameters via the Yule-Walker method, which yields autocorrelation of 0.81 and conditional standard deviation of 0.031 for production, and autocorrelation of 0.86 and conditional standard deviation of 0.046 for consumption. I adjust the parameters to a quarterly rather than annual frequency; adjusted values are in Table 2 . I choose a quarterly calibration because it implies households will hold a rolling position in the three-month futures contract, which is more consistent with typical fund strategies than a 1-year contract and annual rolls or a 1 month contract with monthly rolls.
The monthly calibration would also be unappealing for the very high autocorrelation necessary to model consumption and production at that frequency. It is well-known that approximating an AR1 with close-tounit root is difficult using a finite-state Markov process. Floden [2008] investigates various approximation schemes, and finds the method of Tauchen [1986] With only 5 states, there is a trade-off between "high-frequency" variation (i.e., non-zero quarterly changes) and high autocorrelation: with very high autocorrelation and few states, autocorrelation and conditional standard deviation are matched using large but infrequent changes in productivity. Since inventory will smooth shocks and increase persistence of consumption in equilibrium, I relax autocorrelation to 0.6 to allow smaller but more frequent changes in productivity, and set conditional standard deviation to 0.035.
Calibration of prices uses monthly spot prices from the St. Louis Fed, and monthly NYMEX futures prices from barchart.com. I focus on the period 1990-2011, for which futures data is available (spot prices are available from 1969). Consistent with the quarterly calibration, I use the 3-month futures contract as the front (one-period) contract, and the 6-month contract as the second (two-period) contract. The slope of the futures curve is the 6-month price less the 3-month price. I estimate autocorrelation and unconditional standard deviations of prices using quarter-on-quarter prices. Although I assume fundamentals remain unchanged over the sample period (and production data is inadequate for a split sample), I split prices into pre (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) and post (2004-2011) financialization samples. The break is consistent with Baker and Routledge [2012] , and similar to Hamilton and Wu [2011] , who split the sample at the beginning of 2005. Statistics are summarized in Table 2 .
Detailed data on futures positions is not freely available, so I rely upon references for summary statistics.
Acharya et al.
[2012] conduct a survey of roughly 2,500 quarterly and annual reports of oil-sector firms since June of 2000. They find that roughly 70% of firms hedge at least 25 % of their production. Given that some firms hedge more than 25%, I assume that producers in general are short around 25% of production. Parameter values for the baseline calibration are given in Table 1 . I set the risk-free rate r to the average real return on 90-day Treasury Bills from 1990-2012, roughly 0.1%. 15 Storage costs are k = 0.001 per unit per quarter, which is around 3% of the average unit price of oil. Household goods aggregation parameters γ and η are used to match the value of oil consumption as a fraction of total consumption, and the sensitivity of spot prices to changes in oil consumption (essentially, spot price volatility). I use producer (θ) and dealer (ρ) risk aversion parameters to match producer hedging as a fraction of output (25% short position), and the futures risk premium, which is around 2% per quarter to the long position. In broad strokes, the levels of these risk-aversion parameters regulate the magnitude of the risk premium, whereas the difference between the parameters determines the size of the producer's futures position. The performance of the model is discussed in more detail in the results section.
Results
Given the simplicity of the model, the baseline calibration performs fairly well overall. Table 2 
Before Financialization
The baseline model is able to match basic statistical characteristics of spot and futures prices. The calibration matches asset pricing moments without implying production and consumption dynamics completely at odds with the data; given the simple production technology and reduction of the GDP process to a constant, a close match along all dimensions is not realistic. However oil consumption as a fraction of GDP is around 3% in both the model and the data, and unconditional standard deviation of oil production is also consistent, at around 5%. Consumption and production dynamics are influenced most by the choice of parameters for the AR1 productivity process, and fitting an AR1 process to the model's consumption and production series offers some insight into how the effects of the forcing process are transformed in equilibrium. Predictably, smoothing via inventory causes consumption to become more autocorrelated than the AR1 (0.7 versus 0.6), and also reduces conditional standard deviation to around 2%, versus the 3.5% for the forcing process. Meanwhile, production is less autocorrellated (down to 0.55), and slightly more volatile.
In terms of matching the data, standard deviation of oil consumption is close conditionally, but not close unconditionally. As discussed previously, autocorrelation of production and consumption was sacrificed on the alter of tractability: it is too low in the model.
Overall this seems a good performance for a model with 7 free parameters. In fact it even matches some moments for futures over the term structure. Figure 6 shows mean futures prices over the term structure, with the price of the first contract normalized to one. By this metric, the model is a close fit to the data.
Although magnitudes are not matched closely beyond the first contract, the shape of the term structure of standard deviation (volatility) is similar to the data, as shown in Figure 7 . The ability of the storage model to match unconditional standard deviation over the term structure was emphasized in Routledge et al. [2000] ; these results verify that the storage model continues to do fairly well in this regard, even when constrained by increased realism in the modeling of production and consumption. In addition, the model implies a downward sloping term structure for the risk premium, shown in Figure 8 , with a slope similar to that in the data.
Financialization
I explore the effects of financial innovation in the oil futures market via the relaxation of the household's transaction cost parameter, τ. Summary statistics for decreasing τ are given alongside the baseline calibration in Table 2 . The results are quite interesting, although perhaps not surprising. Fundamentals change relatively little, but there are significant changes in asset prices, with the exception of the key value: mean spot prices are essentially unchanged. Across all other price moments there is at least some change, and in every case the direction of change is consistent with the data: decreased autocorrelation, increased standard deviation, decreased risk premium, decreased backwardation, and of course, increasing open interest in futures. With a value of around τ = 0.08, the model matches the risk premium, percent backwardation, and approximate household futures position relative to consumption. A reasonable preliminary conclusion is that financialization explains several recent changes in spot and futures markets, but it had less impact upon fundamentals, and didn't increase price levels. The effect of financialization upon spot prices can be thought of as the net of changes to commercial behavior and changes to household behavior. Although a clean dichotomy is impossible in an equilibrium model, I proceed in such a fashion.
Dealers and Producers
The equilibrium effects of financialization are best understood through the lens of the dealer's optimization problem. The dealer has access to two investment opportunities, stored oil and a futures contract on oil, that offer identical per-unit gross payoffs next period: they will each be worth the spot price of oil, s t+1 .
Although the inability to store negative amounts of oil differentiates the two investments, in most states of the world the dealer will choose to hold positive inventory; I focus on this case. When inventory is positive, a "no-arbitrage" condition links the futures price ( f t ) with the price of buying a unit of oil today and storing it until tomorrow (s t + k). This links financial markets to the goods market. Given that the per-unit cost of storage is constant, any change in the futures price must imply an identical change in the spot price, and visa versa. Therefore in any model with commodity storage and derivatives, one should assume that altering financial markets will alter goods markets.
Indeed goods markets are altered, and one of the main conduits is inventory policy. For any starting level of inventory, the dealer is expected to accumulate more inventory after financialization than before. As shown in a histogram for inventory in Figure 10 , expected inventory is higher after financialization, and there are fewer stockouts. This is because households wish to take a long futures position to hedge their exposure as consumers of oil, which implies that dealers take a short position. This nets out part of the dealer's futures position with producers, where he takes the long side of the contract. In order for the dealer's policy to remain optimal, he must increase his exposure to oil, either by buying more futures contracts from the producer, or by purchasing more inventory. In equilibrium, the linkage between futures prices and the prices of storage implies that he must do both.
When the dealer stores more inventory, it drives up the spot price today, reducing expected excess returns to storing the commodity. This implies that the dealer is also willing to buy futures at a higher price (with a reduced risk premium to the long side), which makes hedging more attractive to producers. Consequently producers sell more contracts to dealers. Figure 9 shows the net futures position of dealers in equilibrium, before and after financialization. Dealers have reduced net exposure to futures after financialization, but part of the reduction from the household's long position is offset by an increased producer short position.
The increased producer short position affects his optimization problem in turn: he has reduced exposure to oil risk, and so is willing to boost output. Figure 11 shows that production intensity increases after financialization, conditional on the level of inventory. On a fractional basis intensity increases as much as 10% for a given level of inventory, but the absolute change is small. 16 Because financialization also increases inventory on average, unconditional production intensity increases only about 6% after financialization. Oil production intensity has not been precisely calibrated to capacity utilization data, so the value of the result is less in its magnitude than its direction: financialization boosts average production.
In summary, households provide a natural counterparty to producers, such that financial innovation leads to increased storage, increased production, and a reduced risk premium on futures. The inventory and production effects reduce spot price mean and volatility
Households
The effects of household entry upon the commercial sector are almost directly offset by the effects upon households themselves. Figure 13 shows spot prices versus inventory and productivity. When oil production is good, spot prices after financialization are almost the same as before. Although households lose money on their futures position in high productivity states (which should reduce spot prices), dealers accumulate more inventory in high productivity states after financialization (which increases spot prices). The net effect is a wash. However when productivity is low, spot prices are higher after financialization than before, especially if there is a stockout. Households enjoy a windfall on their futures in low productivity states, and dealers cannot sell more than their entire inventory. Household trade in futures effectively makes their endowment positively correlated with spot prices, amplifying the price effects of productivity shocks.
Results are summarized in Figure 12 , which presents a histogram of spot prices before and after financialization. Although increased inventory accumulation after financialization makes stockouts less likely, when they occur, prices spike even higher than before. The result is more volatile spot prices, but very little change in the mean level.
Welfare
Public officials express concern that financialization hurts households by driving up spot prices. 17 Although the model suggests that it has little effect on average spot prices, there are other costs to financialization. Figure 14 shows expected next-period household utility conditional on the level of inventory. On a conditional basis, financialization actually reduces expected household utility. Although futures allow households to hedge commodity price risk, they also make spot prices more volatile. The risk premium the long futures position equilibrates to almost zero after financialization, so households often expect negative excess returns after transaction costs. The net affect is a reduction in expected utility given a level of inventory. However, households have higher expected utility when inventory is high, both before and after financialization. Since financialization also increases inventory, in a typical period the household's position on the utility curve is shifted to the right on the curve after financialization.
To answer whether households benefit or suffer from financialization I adopt the household's unconditional mean utility as a metric. The comparison is between a world in which financial innovation never occurs, and one in which it occurs and remains in place indefinitely. On this basis, households benefit slightly from financialization: they would be willing to pay around 0.02% of their endowment indefinitely to move to a world with financial innovation (with τ = 0.08). Given the baseline parameters, increasing financialization (decreasing τ) generates increasing, but modest, benefits to households.
In a model with multiple goods and incomplete markets, it is not a foregone conclusion that moving markets closer to completeness leads to welfare improvement or greater efficiency. Hart [1975] establishes that, when there are multiple goods, opening new markets may make all agents worse off, so long as markets remain incomplete, as they do here. Examining the effects of financialization piecewise, it is not even obvious that the increase in storage caused by financialization will improve household welfare. Wright and Williams [1984] illustrate that the welfare impact of storage is sensitive to its costs, and to the elasticity of production and consumption. If storage costs were modeled via depreciation rather than a nominal cost, higher mean storage would imply greater depletion of commodity supplies through depreciation, which could lead to welfare losses. In summary, it seems unlikely that households would suffer large welfare losses due to financialization without substantially changing the assumptions of the model, but the conclusion that benefits outweigh costs is a fragile one.
Conclusion
I construct a model of storable commodities with producers, dealers, households, and active futures markets.
I use the model to study how the financialization of commodities impacts spot and futures prices. When calibrated to oil markets, the model implies that financial innovation has essentially no impact on mean spot prices, and reduces the frequency of stockouts. But when stockouts occur, spot prices soar even higher than before financialization, implying higher spot price volatility due to financial innovation. In addition, the risk premium to holding a long position in futures decreases substantially. Although the reduced risk premium and increased volatility is undesirable to households, they benefit from increased oil production and higher mean inventory. On balance, household welfare increases slightly due to financialization. 1.5
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Annual US oil consumption is shown alongside worldwide and US production. I normalize each series by its initial value.
Because oil is a globally traded commodity, the path of US consumption follows global production, not US production. 
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The plot shows optimal inventory policy for the baseline model. The dealer's end of period inventory Q t depends on inventory carried over from the previous period (Q t−1 , given on the x-axis), and the productivity realization (a t , shown by the different curves). Inventory policy is also affected by lagged productivity, a t−1 , as it affects investment; however the effect is modest. Results above are for a t−1 = 1. The 45
• line is shown in dashed red, with the region above that line indicating inventory accumulation and the one below indicating sell-offs. 
For the baseline calibration, spot prices are shown for entering inventories (Q t−1 , given on the x-axis), and each possible productivity realization (a t , shown by the different curves). If there's plenty of inventory, enough will be sold in response to poor productivity that the price impact of the shock will be modest. If entering inventory is low, however, even selling the entire stock may not reduce the spot price to typical levels. The slope of the curve for low inventories is mostly governed by the household's elasticity of substitution; based on observed prices and consumption, demand for oil is fairly inelastic, so the slope is steep. However prices also reflect how much inventory the dealer is willing to sell in response to increased prices, and how much he will retain against the possibility of another period of low productivity tomorrowwhich of would of course mean more profits for him! The trade-off is governed by the cost of storage, risk aversion, and opportunities in the futures market. The plot shows the unconditional quarterly standard deviation of futures contracts before financialization, in the data (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) and the model (τ = ∞). Standard deviations are expressed as percentages of the mean price of the front contract. The model matches the standard deviation of the front (3-month) contract and the shape of the term structure, but underestimates the volatility of long-dated contracts. This may reflect that fact that productivity is more persistent in the data than in the model, or that the simple mean-variance preferences of the dealer and producer are inadequate substitutes for pricing kernel dynamics that cause volatility at long horizons. The plot shows the unconditional expected excess quarterly holding returns (the risk premium) on futures contracts before financialization, in the data (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) and the model (τ = ∞). The model does well at matching the risk premium of the front (3-month) contract, and approximates the slope of the curve for longer contracts. However the model fails to reproduce the "hump" between the 3-month and 6-month contracts. As a consequence, the model implies lower risk premia for long dated contracts than seen in the data. Above we see the dealer's net position in the futures market before (τ = ∞) and after (τ = 0.08) financialization, plotted against inventory (Q t ) on the x-axis. Before financialization, the dealer is the only counterparty to the producer, who has a lot of exposure to oil spot price fluctuations. When inventory is low, the dealer has little exposure to oil, and is willing to take on some of the producer's risk for a premium: the dealer goes long, the producer short. When inventory is very high, the dealer is so exposed to spot price risk that he sells short to the producer: the "hedger" and "speculator" depends upon the relative exposure of dealers and producers to oil, which varies over time. After financial innovation, households take a long position in the futures market, to hedge their exposure as consumers of oil. The dealer, who intermediates, now has reduced net exposure to futures. He can take two actions: increase his oil exposure by increasing inventory, or increase his oil exposure by buying more futures from the producer. Either one of these actions will decrease the risk premium, which causes producers to increase their sales of futures, and consumers to decrease their purchases. The dealer's position -the net of producers and households -will increase again. In equilibrium, financialization reduces the net futures position of the dealer at all inventory levels, but because risk premiums drop and producers increase their short position, the magnitude of the drop in the dealer's position is moderated. State-contingent spot prices are shown before and after financialization, for the most extreme productivity realizations.
Although spot prices in high-productivity states are little changed, prices are elevated in low-productivity states after financialization. Stockouts lead to more extreme price spikes after financialization, although stockouts occur less often. The plot shows expected next-period household utility conditional on the level of inventory. On a conditional basis, financialization reduces household utility. Although futures allow households to hedge commodity price risk, they also make spot prices more volatile. The net affect is a reduction in expected utility given a level of inventory. However, households have higher expected utility when inventory is high, both before and after financialization. Since financialization also increases inventory, in a typical period the household's position on the utility curve is shifted to the right on the curve after financialization. On an unconditional basis, households have slightly higher mean utility after financialization, because the inventory smoothing effect dominates the volatility amplification caused by trade in futures.
